ABSTRACT: Coordination chemistry of natural polyphenols and transition metals allows rapid, self-assembly of conformal coatings on diverse substrates. Herein, we report that this coordination-driven self-assembly process applies to simple phenolic molecules with ditopic or monotopic chelating sites (as opposed to macromolecular, multitopic polyphenols), leading to surfaceconfined amorphous films upon metal coordination. Films fabricated from gallic acid, pyrogallol, and pyrocatechol, which are the major monomeric building blocks of polyphenols, have been studied in detail. Pyrocatechol, with one vicinal diol group (i.e., bidentate), has been observed to be the limiting case for such assembly. This study expands the toolbox of available phenolic ligands for the formation of surface-confined amorphous films, which may find applications in catalysis, energy, optoelectronics, and biomedical sciences.
INTRODUCTION
Modular control over the rational design of supramolecular architectures has been achieved in the last two decades by smart engineering of coordination-driven self-assembly processes. 1 Early prediction of the inherent preferences for directionality and binding affinity within the complementary building blocks of coordination complexes has paved the way for fabricating structures with extended networks of metal clusters bridged by compatible organic ligands. 2, 3 Porous coordination polymers or metal-organic frameworks (MOFs) with distinct spatial and geometrical arrangements of the interconnecting motifs are examples of such organic-inorganic hybrid materials. [4] [5] [6] [7] These crystalline materials with structurally encoded nano-and micro-porosities have potential application for gas storage, separation and sensing. [8] [9] [10] [11] [12] [13] On the other hand, surface-bound or freestanding amorphous thin films/coatings are another class of network materials of importance in several branches of science, [14] [15] [16] where polymeric (covalent) compounds are the predominantly used structural components. Research has also focused on exploring novel strategies to incorporate inorganic moieties in polymeric films to obtain hybrid functional materials that exploit the synergistic effects of the organic and inorganic constituents. 17, 18 In this context, processes utilizing selfassembly of coordination complexes are a promising strategy toward facile engineering of thin films with defined properties. Recently, we reported a facile assembly approach that exploits polyphenol-metal interactions, specifically between tannic acid (TA) and iron(III) (Fe III ) ions, to form thin films. 19 Our interest in these metal-polyphenol systems arises from the facile and versatile nature of the assembly process, to produce tunable, dynamic materials. Using TA as a versatile ligand, we demonstrated the formation of capsules with engineered pHresponsive degradation, luminescence and positron emission, by judicious choice of the incorporated metal, 20 as well as pHresponsive drug delivery vectors 21 and cytoprotective coatings. 22 Furthermore, we reported the assembly of Fe IIIpolyphenol capsules from a synthetic poly(ethylene glycol)-based polyphenol, which exhibited reduced protein fouling and non-specific cellular association compared to TA/Fe III capsules. 23 For the TA systems, initiation of the film assembly is likely to occur by adsorption of TA to the surface and subsequent strong intermolecular (and possibly intramolecular) crosslinking by the metal ions. Film formation was rationalized by the strong affinity of polyphenols for various surface chemistries, and the polymeric, multitopic structure of TA containing multiple galloyl groups covalently attached to a central glucose core. However, whether the amorphous nature of the films originates from the asymmetry of TA or from a generic interfacial behavior of metal-phenolic ligand interactions is unclear. MOF synthesis studies show that simple ditopic or tritopic ligands, even with symmetric binding sites, can produce stable kinetically trapped amorphous phases (byproduct or major product) in bulk depending on the choice of ligand/metal pair and synthetic conditions. 1, 3, [24] [25] [26] [27] It remains to be determined whether the amorphous network of TA and metal ions formed on surfaces is limited to polyphenols (i.e., multiple binding/chelating sites with structural asymmetry) or is more a generic phenomenon (i.e., kinetic assembly) that can be expanded to simple phenolic ligands with few binding/chelating sites. In our effort to understand these types of metal-phenolic systems, we have discovered that phenolic ligands containing single aromatic rings with ditopic or monotopic chelating groups are also able to form continuous films on solid surfaces through coordination interactions with metal ions. Each of the phenolic ligands, namely gallic acid (GA), pyrogallol (PG) and pyrocatechol (PC), resulted in instantaneous film formation on substrate surfaces upon coordination with Fe III ions. Network/film formation by these simple ligands is discussed in detail considering different interactions and growth conditions. From structural considerations of the diverse library of phenolics, it can be concluded that at least one vicinal diol group (bidentate) is essential to form an amorphous film, leaving PC as the limiting case for such phenolic-metal assemblies. Film formation (on PS particles) was also conducted by varying the starting concentrations of PC and Fe III solutions from 12.5 to 20 mM, while keeping stoichiometry (ligand to metal ratio as 1:1) of the final mixture constant. For sequential assembly (multiple cycles) experiments, the standard film formation protocols described above were repeated. Film Formation on Planar Substrates. Substrates used for these experiments were PS, PDMS, and quartz, which were cut into suitable sized pieces. Piranha-cleaned quartz substrates were primed with a PEI layer by dipping the substrates in PEI (2 mg mL -1 , 0.5 M NaCl) solution for 15 min, rinsed in Milli-Q water and dried in N 2 flow. Caution! Piranha solution is highly corrosive! Care should be taken during preparation. Piranha-cleaned quartz substrates were also primed with a PEI/PAA bilayer by dipping the substrates alternately in PEI (2 mg mL -1 , 0.5 M NaCl) and PAA (2 mg mL -1 , 0.5 M NaCl) solution for 15 min with an intermediate rinsing (Milli-Q water) and drying (N 2 ) step. After applying the PAA layer the substrates were rinsed in Milli-Q water and dried in N 2 flow. PS and PDMS substrates were plasma treated to render them hydrophilic prior to GA/Fe III or PC/Fe III coating. Process parameters were maintained the same as the standard protocols used for the particulate coatings for both systems. For the GA/Fe III system, a substrate was placed in a 15 mL tube and 4 mL of GA solution (15 mM) was added and vortexed for 10 s. Subsequently 2 mL of Fe III Cl 3 ·6H 2 O (30 mM) solution was added and quickly vortexed for 3-4 s. 200 μL of 0.5 M NaOH solution was immediately added to the mixture and vortexed for 1 min. The substrate was then rinsed with Milli-Q water and dried with a N 2 stream. For the PC/Fe III system, a substrate was placed in a 15 mL tube and 4 mL of PC solution (15 mM) was added and vortexed for 10 s. Subsequently 2 mL of FeCl 3 ·6H 2 O (30 mM) solution was added and vortexed for 1 min. The substrate was then rinsed with Milli-Q water and dried with a N 2 stream. For both systems the coating processes were repeated three times to enhance the color difference. UVVis absorption spectra were recorded after each cycle for quartz substrates (primed with PEI) using a solid sample holder. Figure 1 gives (Figure 1g -i) showed maxima (λ max ) in the visible region around ~570 nm, ~619 nm, and ~680 nm, respectively. These bands are significantly different from the absorption bands of the ligands themselves, and likely arise from charge transfer (CT) bands, 29, 30 which indicate the presence of metal-ligand coordination. Differential interference contrast (DIC) microscopy images of the corresponding systems showed stable and monodisperse capsules, which retained their spherical shape after template removal (Figure 1j-l) . From microelectrophoresis measurements of these systems on PS particles, zeta (ζ)-potentials were found to be −39 ± 4, −38 ± 5, and −43 ± 6 mV for the GA/Fe III , PG/Fe III and PC/Fe III systems, respectively. Bare PS particles showed a ζ-potential of −42 ± 5 mV. Generally, particles with ζ-potential values higher than ±30 mV are considered to be stable against agglomeration because of the strong repulsive forces among the particles. 31, 32 Atomic force microscopy (AFM) performed on the air-dried capsules revealed surface features with folds and creases typical of collapsed capsule films (Figure 1m-o) . Analyses of the collapsed flat regions of the GA/Fe III and PC/Fe III systems indicated smooth films with roughness values (rms) of ~0.3 and ~0.4 nm, respectively, whereas PG/Fe III films showed a slightly rugged surface with a roughness value (rms) of ~1 nm. Single-wall film thicknesses from the AFM height profiles were determined to be 10.1 ± 0.5, 11.2 ± 0.8, and 11.4 ± 0.4 nm for GA/Fe III , PG/Fe III , and PC/Fe III systems, respectively. Similar surface morphologies with folds and creases were observed by transmission electron microscopy (TEM) (Figure 1p-r) . The presence of Fe III ions in the films was confirmed by energy-dispersive X-ray spectroscopy (EDX) analyses ( Figure S1 ). Next, we focused on the GA/Fe III and PC/Fe III systems as the simplest model ditopic and monotopic chelating ligand (phenolic type) systems, respectively, to further examine the film formation process with different process parameters. Previous work has shown that GA and Fe III form crystalline coordination frameworks. 33, 34 This system thus allows an important comparison highlighting the differences in material structure (crystalline frameworks versus amorphous thin films) that results from varied assembly conditions (vide infra). III films formed showed a nonlinear trend of increasing thickness with increasing concentration. Smooth films were evident up to a concentration of 10 mM; however, at 13.3 mM the films became rougher and thicknesses increased to ~20 nm (Figure 2a-d) . Alterations of the pH values of the mixture from 2.6 to 4.5 did not alter the stability of the capsules, as displayed by the DIC images of the stable capsules (Figure 2e-g ). The CT bands in the UV-Vis absorption spectra showed slight red shifts with decreasing pH, accompanied by changes in the band shapes (Figure 2h) . Repetition of the film formation cycle increased the film thicknesses from ~10 nm for the first cycle to ~40 nm for the third cycle (Figure 2i-m) . Film formation was also studied on both planar and particulate substrates with different surface chemistries. (Figures 3a and S5 ). Over 90% of GA/Fe III capsules disassembled within 10 min in solutions of pH 2 As demonstrated, the three ligands (GA, PG and PC) were suitable to form free-standing films with distinct properties. However, attempts to form surface-confined films from a monodentate tritopic ligand (phloroglucinol, 1,3,5-trihydroxybenzene)) and a monodentate monotopic ligand (phenol) were unsuccessful. These results suggest that the presence of at least one vicinal diol group (i.e., bidentate) in the aromatic ring, as in PC, is a prerequisite for film formation (phenolic type ligand). It was hypothesized that metal-ligand coordination (vide infra) is the principal interaction mode for extended network and surface film formation. Thus the binding strength and stability of the complexes, and binding site availability to extend long range networks, were expected to be major factors influencing film formation. From the structures of phenol and phloroglucinol, we propose that the monodentate nature of these ligands does not favor a surfaceconfined film formation process.
EXPERIMENTAL SECTION

RESULTS AND DISCUSSION
The visual colors of the films and the CT bands suggest metal coordination as a major mode for the formation of the long range networks. The broadness of the CT bands further indicates the involvement of different types of coordination species (mono, bis, bridging, etc.) in films. To obtain better insight into the film formation process, X-ray photoelectron spectroscopy (XPS), resonance Raman (RR) spectroscopy and electrospray ionization mass spectrometry (ESI-MS) were employed. XPS data for GA/Fe III and PC/Fe III films revealed that the Fe 2p 3/2 signal showed a main peak around ~712 eV with a 2p peak separation of ~14 eV, which is consistent with the presence of Fe III being the dominant species in the films ( Figure S6) . 35 These results also indicate that the role of redox intermediates in the films is negligible (vide infra). RR spectra of pristine GA and PC ( Figure S7 ) compared to GA/Fe III and PC/Fe III films (Figure 3d,f) respectively, revealed clear differences between pristine and coordinated forms of the ligands. Raman bands of the GA/Fe III films at 1470, 1315, and 1230 cm -1 can be assigned to the skeletal modes of the substituted benzene ring. 36, 37 Bands in the low frequency region of 650-500 (broad due to multiple peaks), and 400 cm -1 (very weak) can be attributed to the Fe-O vibration (ν Fe-O ) arising from galloyl-Fe coordination. 36, 37 Moreover, bands at 1570 (asymmetric, ν as ) and 1428 (symmetric, ν s ) cm -1 can be assigned to carboxylate (-COO)/Fe III interactions, and the difference (Δ s-as ) of these two bands of 142 cm -1 is consistent with the type(III) bridging mode of (-COO)/Fe III interactions (Figure 3e) . 38 Similarly, the RR spectrum of PC/Fe III films (Figure 3f) showed features in the region of 1100-600 cm -1 arising from catechol ring vibrations, while the band at 533 cm -1 is characteristic of the catechol/Fe III chelate ring mode. 39 An additional feature appeared around ~385 cm . [40] [41] [42] Note that µ-catecholato/Fe III bridging can also have different coordination modes with an average r Fe-O ranging from 1.87 to 2.18 Å, as observed earlier. 43 The slight discrepancy of bridging ν Fe-O from Badger's rule in our system is most probably caused by different local environments around the Fe III center in the film structure, which might increase the average bridging r Fe-O and shift the bridging ν Fe-O to a lower frequency. We note that the existence of µ-oxo/hydroxo bridged di/multi-nuclear Fe III species (due to hydrolysis of Fe III in aqueous solution) in the films may occur, but would be difficult to detect experimentally. 44 Transition metal-induced oxidative di-or oligomerization of phenolic compounds via o-quinone/semiquinone intermediate formation is well established in literature. 45, 46 However, the extent of this process is dependent on several factors, including metal-to-ligand stoichiometry and concentration, reaction pH, and most importantly, reaction time. [47] [48] [49] In this study, the PC/Fe III system is more vulnerable to this process. Three possibilities can be considered for this system during film formation: 1) PC dimers or higher oligomers are formed initially and later form films through coordinative crosslinking; 2) initially formed PC dimers or higher oligomers, along with PC monomers, formed films through coordinative crosslinking where PC dimers or higher oligomers have a significant contribution to film formation; and 3) PC monomers form films through coordinative crosslinking where PC dimers or higher oligomers have negligible contribution to the film formation. To probe these possibilities, we studied the PC/Fe III complexes in solution (identical conditions used to those for film formation) over time by ESI-MS in negative ion mode ( Figure S8 ). The first measurement was taken at t = 2.5 min from the time of mixing (t = 0). A negligible amount (~0.4%) of PC dimers (m/z 217.05) was observed at this time point period, which increased only marginally (~1.5%) at t = 23 min compared to the PC monomeric peak (m/z 109.03). Higher oligomeric species were not observed in this timeframe. Therefore, considering the film formation time of 1 min, the first two possibilities for the PC/Fe III system, described above, can largely be excluded, leaving metal coordination with monomeric ligand species as the dominant driver for film formation. Furthermore, negligible covalent crosslinking was observed in several other studies 50-52 during coordinative gel formation of catechol containing polymers with Fe III , although the timeframes in those studies were much longer (from 1-12 h). For the GA/Fe III system, ESI-MS analyses were performed after disassembling the capsules into their molecular fragments by concentrated HCl treatment. Organic fragments of the GA/Fe III system appeared as a prominent peak at m/z 169.01 attributed to monomeric GA ( Figure S9 40, 41 of these complexes allowing network formation (Figure 3g ). The dark green coloration of PC-Fe III complexes usually arises from the formation of mono-type complexes. These discrete complexes are susceptible to redox reactions and discoloration occurs over time by formation of o-quinone/semiquinone intermediates (as mentioned above). In this case, the color of the PC/Fe III capsules (bluish dark green) remained unchanged over 7 days, suggesting that the mono-type complexes present in the films were not discrete entities, but parts of an extended network. The absence (or negligible presence) of covalent interactions suggests that film formation is a generic coordination phenomenon of phenolic ligand-metal interactions at the solidliquid interface. Interestingly, phenolic ligand/metal pairs are also able to form crystalline framework materials in solution, when phenolic ligands with divergent chelating sites (i.e., ditopic), such as GA, are used. However, formation of crystalline framework materials in solution or surfaceconfined amorphous films at the solid-liquid interface occurs with different kinetics and under different process parameters. One example is the GA/Fe III system, which allows for the production of GA/Fe III MOFs and films (Figure 4a,b) . GA/Fe III MOFs were produced following a published protocol. 34 Figure  4c -f displays the differences between the two systems containing identical structural components. The SEM image of GA/Fe III MOFs showed needles with crystalline features whereas GA/Fe III films showed amorphous features with folds and creases (Figure 4c,d) . 33,34 and the aperiodic arrangements of atoms in the GA/Fe III films resulted in broad humps caused by diffuse scattering (Figure 4e,f) . Conceptually, these amorphous films are likely to form by a rapid, kinetically dominated nonequilibrium process, while crystalline MOFs are known to form in a slow, kinetically reversible and thermodynamically controlled manner. 1, 3 The thermodynamic and kinetic aspects of these phenolic/metal pairs in producing different stable phases (crystalline and amorphous) may provide fundamental insights into the interfacial and solution phase chemistry of coordination complexes, and require further detailed investigations.
CONCLUSION
In conclusion, we have demonstrated a simple, rapid and generic surface-confined film formation strategy by utilizing coordination-driven self-assembly of simple phenolic building blocks, such as gallic acid, pyrogallol and pyrocatechol. The structural simplicity of the ligands allowed for a more in-depth evaluation of their contribution to the film formation process. These molecular hybrid films might provide a versatile multifunctional platform for a range of applications, including catalysis, energy and optoelectronics. Moreover, the biological relevance of the phenolic ligands, combined with the dynamic metal-ligand interactions, may make them of interest in the biomedical sciences. 
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